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THE EFFECT OF SMELTER ATMOSPHERES ON THE
QUALITY OF ENAMELS FOR SHEET STEEL
I. INTRODUCTION
1. Purpose of Problem.-The effect on enamels of various gases
present in the furnace during the burning operation has received some
attention,* but the relation between the smelter atmosphere and the
quality of the finished enamel has been almost totally neglected. If,
as has been proved, the presence of certain gases is harmful to an
enamel during the burning process, it is not unreasonable to assume
that their presence may also be deleterious to the enamel during
smelting. With this thought in mind the present work was designed
to make a preliminary study of some of the gases evolved in the
smelting of enamels for sheet steel, and to determine the effect of
certain smelter atmospheres on the quality of the enamels.
2. Acknowledgments.-The data presented in this bulletin were
obtained in an investigation which was conducted by the Engineering
Experiment Station of the University of Illinois, of which DEAN M. S.
KETCHUM is the director, in co6peration with the Utilities Research
Commissiont which represents several Utilities Companies, chiefly
in Chicago, Illinois. This research was carried out in the Department
of Ceramic Engineering of which PROF. C. W. PARMELEE is the head.
The writers wish to thank Professor Parmelee for his helpful sug-
gestions and cooperation in this research. They also wish to thank
MR. H. W. ALEXANDER and MR. O. E. MULVANE for their conscien-
tious laboratory aid.
II. DESIGN OF A LABORATORY SMELTER
3. Desirable Characteristics of a Laboratory Smelter.-In work of
this nature it is much to be desired that the smelter reach a temper-
ature of 2000 deg. F. or more in approximately one hour, that it hold
*The most recent references on this problem are (a) "The Effect of Furnace Gases on the Quality
of Enamels for Sheet Steel," Univ. of Ill. Eng. Exp. Sta. Bul. 214, 1930, and (b) "Effect of Furnace
Gases on Glass Enamels," E. E. Gusinger and K. Berlinghof, Jour. Amer. Cer. Soc., 13, 2, pp. 126-42,
1930.
tThe Utilities Research Commission represents
Chicago, North Shore & Milwaukee Railroad Company
Public Service Company of Northern Illinois
The Peoples Gas Light & Coke Company
Chicago Rapid Transit Company
Commonwealth Edison Company
Middle West Utilities Company
Midland United Company
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FIG. 1. ELECTRIC SMELTING FURNACE
EFFECT OF SMELTER ATMOSPHERES ON ENAMELS
TABLE 1
COMPOSITION OF ENAMELS FOR SHEET STEEL
R29A R3
Composition Ground Cover
Coat Coat
Feldspar..................... 30 32
Flint........................ 20 18
Borax....................... 30 25
Soda Ash.................... 7 4
Sodium Nitrate .............. 5 3
Cryolite. .................... . 12
Fluorspar .............. .... 6 4
Antimony Oxide.............. 2
Cobalt Oxide................. 0.5
Manganese Dioxide........... 1.5
Mill Additions
Frit.......................... 100.0 100.0
Clay......................... 7.0 7.0
Borax....................... 0.3
Tin Oxide....................... 7.0
Magnesium Sulphate.......... ... 0.3
the desired temperature with little or no variation, that it be possible
to subject each frit to exactly the same quantity of heat at the same
temperature, and that the crucible be of such dimensions that a large
surface of frit is exposed to any desired atmosphere or that provisions
be made for stirring the mass.
4. Smelter Design.-The actual design of the smelter as worked out
by the authors, with the assistance of Mr. Alexander, is shown in
Fig. 1. The heating elements are 3 -in. Globar rods. The furnace
operates on 110 volts and has a power consumption of 18.1 kw. The
furnace temperature reaches 2000 deg. F. in approximately 112 hours.
The temperature between the furnace wall and the crucible is con-
trolled within + 10 deg. F. by means of a Leeds and Northrup record-
ing controller. A typical heating curve is shown in Fig. 2.
III. DETERMINATION OF CARBON DIOXIDE AND OXYGEN EVOLVED
IN SMELTING OF ENAMELS FOR SHEET STEEL
5. Enamels Used.-The compositions of the enamels used in this
work are given in Table 1. Both are very good enamels when smelted
in the electric furnace for 1 2 hours in the presence of air.
6. Method of Procedure and Analysis.-Two procedures were fol-
lowed for this part of the problem. The first consisted in bringing the
temperature inside the crucible to 1800 deg. F. and then adding the
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FIG. 2. TYPICAL HEATING CURVE FOR ELECTRIC SMELTING FURNACE
frit. In the second method the frit was added to the crucible at room
temperature and heated from this point.
The gases given off from the enamel were analyzed at suitable
intervals for carbon dioxide and oxygen, the former being absorbed in
a potassium hydroxide solution and the latter in an alkaline pyrogallol
solution. Care was taken to allow enough time in contact with the
salt water of the gas collecting bottle to dissolve all the water-soluble
gases before making the analysis. This procedure eliminated all the
silicon tetrafluoride and probably most of the nitrogen oxides.
7. Determination of Rate of Evolution of Carbon Dioxide and Oxygen
from Enamels for Sheet Steel.-The data for the regular smelting tests,
in which the batch was placed in the hot crucible, are given in Fig. 3.
Three facts are to be noted: first, that the carbon dioxide percentage
decreases at a rapid rate and is practically zero at the end of 40 min-
utes; second, that the oxygen percentage increases until it reaches its
maximum sometime between 30 and 40 minutes from the start; and,
third, that the atmosphere of an enamel containing nitrate is more
oxidizing for the first 40 minutes of the smelt than one which lacks
this constituent.
The data for the tests which began at room temperature are given
in Fig. 4. The curves for R3 are quite regular, but those for R29A
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RATE OF EVOLUTION OF CARBON DIOXIDE AND OXYGEN FOR
REGULAR SMELTING TESTS
show peaks for both the carbon dioxide and oxygen percentages. The
differences in the curves for the two enamels may be due to the fact
that R3 contains less soda ash and less nitrate than R29A. In both
cases there is a sudden drop in the carbon dioxide curve after it
reaches its maximum. This maximum for carbon dioxide coincides
approximately with the low point of the oxygen curve, which, of
course, is to be expected, because for the same amount of oxygen the
large volume of carbon dioxide evolved at this point naturally reduces
the oxygen percentage.
The curves indicate that the carbonate in the enamels begins to
decompose at low temperatures, in some cases below 600 deg. F. It
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FIG. 4. RATE OF EVOLUTION OF CARBON DIOXIDE AND OXYGEN FOR
TESTS BEGINNING AT ROOM TEMPERATURE
must be noted, however, that the temperatures given were obtained
by averaging the temperature between the wall of the furnace and the
crucible with the temperature of the gases just over the frit. Thus it
is possible that the first carbon dioxide evolved was obtained by the
decomposition of the carbonate at the walls of the crucible where a
temperature 100 to 200 deg. higher than the average existed.
A calculation of the amount of carbon dioxide given off by the
complete decomposition of the soda ash in R29A shows that for each
6i700 /160 OO
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100 lb. of frit batch 23.7 cu. ft. are evolved, measured at 32 deg. F.
and 29.9 in. of mercury. At an average temperature of 1700 deg. F.
this would amount to 104 cu. ft. This means that for the first 40
minutes of the smelt 2.6 cu. ft. of carbon dioxide per minute were
being evolved. By considering that the nitrate breaks up into nitrite
and oxygen, a calculation gives 1.16 cu. ft. of oxygen evolved every
minute for the first 40 minutes. Together with the other gases
evolved, this may offer an explanation why little "gassing" trouble is
experienced in the smelting of enamels. It is easy to conceive a pro-
tective film of evolved gases which prevents contact with the injurious
gases from the fuel, unless such gases are present in large amounts.
IV. DETERMINATION OF EFFECT OF SMELTER ATMOSPHERES ON THE
QUALITY OF ENAMELS FOR SHEET STEEL
8. Method of Procedure and Analysis.-The method used for this
work consisted in bringing the temperature of the inside of the cru-
cible to 1800 deg. F., removing the thermocouple, pouring the well
mixed raw materials into the crucible by means of a funnel placed in
the thermocouple hole, replacing the thermocouple, introducing the
desired gas, and continuing the heating until the enamel was properly
smelted. A seed-free thread was the criterion.
Gas analyses were determined at regular intervals. The carbon
dioxide was absorbed as before in a potassium hydroxide solution, the
oxygen in a pyrogallol, the carbon monoxide in acid cuprous chloride,
and the residue was considered as nitrogen. For sulphur dioxide the
method of Raschig as given by Dennis* was used. This is a modifi-
cation of the iodine method, in which sodium acetate solution is added
to prevent the interference of nitrous acid. A blank test made with
both enamels showed that any interference by substances other than
nitrogen oxides evolved from the enamel was negligible. In fact, the
tests proved that even the regular Reich iodine method was satis-
factory under the given conditions.
9. Effect of Nitrogen on Enamels for Sheet Steel.-The analyses of
the atmospheres are given in Table 2, the nitrogen content varying
from 92 to 99.9 per cent. Because of the large volumes of carbon
dioxide and oxygen given off at the beginning of the smelt, the atmos-
phere was not as accurately controlled as later. Both enamels were
good, the white coat having a slight cream tinge.
*L. M. Dennis, "Gas Analysis," The Macmillan Company.
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TABLE 2
ANALYSIS OF SMELTER ATMOSPHERE CONTAINING A
LARGE PERCENTAGE OF NITROGEN
Minutes After Start of Test COs O0 N2 Remarks
Blue Ground Coat-R29A
2......................... 2.8 0.6 96.6 No visible fumes
12........................ 2.4 0.8 96.8 No visible fumes
22 ........................ 3.2 1.0 95.8 No visible fumes
32 ........................ 1.6 0.6 97.8 No visible fumes
42 ........................ 0.3 0.5 99.2 No visible fumes
52 ......................... 0.2 0.4 99.4 White fumes which dis-
62 ........................ 0.2 0.2 99.6 solved quickly in the salt
77 ........................ 0.0 0.2 99.8 water of the aspirator
87 ........................ 0.0 0.1 99.91 bottle used for collecting
the sample.
White Cover Enamel-R3
2......................... 5.4 0.3 94.3
12......................... 7.6 0.4 92.0
22......................... 2.6 0.4 97.0
32......................... 1.5 0.5 98.0 White fumes which dis-
42 ........................ 0.2 0.2 99.6 solved quickly in salt
52......................... 0.0 0.3 99.7 water.
62......................... 0.2 0.2 99.6
72......................... 0.2 0.2 99.6
82......................... 0.0 0.1 99.9
10. Effect of Carbon Dioxide on Enamels for Sheet Steel.-The anal-
yses of the smelting atmospheres are given in Table 3. It was expect-
ed that the carbon dioxide might prevent the breakdown of the car-
bonate in the frit, and that this would affect the enamels. It is true
that R29A gave a rougher coat than usual, but this did not interfere
with its adhering or covering properties. It was altogether satisfac-
tory for ground coat use. R3 smelted under these conditions was a
good enamel, also. It had a good white color, but the opacity was
slightly poorer than that of the air smelted enamel.
11. Effect of a Reducing Atmosphere on Enamels for Sheet Steel.-
The reducing atmospheres were obtained by burning Urbana city gas.
in contact with the frit. The nature of the atmospheres is indicated
by the data in Table 4. A film of carbon deposited on the enamel
during the smelt, and was completely burned only when the lid was
removed to pour the frit.
The enamel R29A burned very well with good adherence. R3
showed good gloss and good opacity, but had a slight cream tinge.
12. Effect of Sulphur Dioxide on Enamels for Sheet Steel.-For
these tests the sulphur dioxide was introduced into the crucible at a
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TABLE 3
ANALYSIS OF SMELTER ATMOSPHERE CONTAINING A
LARGE PERCENTAGE OF CARBON DIOXIDE
Minutes After Start of Smelt COt O0 NI Remarks
Blue Ground Coat-R29A
7 ......................... 93.0 1.2 5.81 Brown and white fumes which dissolved
17 ........................ 97.0 0.8 2.2 readily in salt water of aspirator bottle
used for collecting sample.
27......................... 98.2 0.7 1.11
37......................... 97.6 1.0 1.4 No visible fumes.
47......................... 98.8 0.5 0.7
57......................... 99.2 0.2 0.6
67 ........................ 99.1 0.4 0.5 White fumes which dissolved readily
77........................ 99.0 0.2 0.8 in salt water.
87......................... 99.2 0.2 0.6
White Cover Coat-R3
5........................ 95.4 1.0 3.6 Brown and white fumes which dissolved
15......................... 94.0 1.2 4.8 in salt water.
25......................... 98.4 0.6 1.0
35......................... 98.6 0.6 0.8
45......................... 98.6 0.4 1.0
55......................... 98.2 0.6 1.2 White fumes which dissolved in salt
65......................... 98.0 0.6 1.4 water.
75 ................... . . 98.6 0.4 1.0
85...................... . 99.0 0.2 0.8
rate which should have produced an atmosphere high in sulphur.
For R29A, however, the analyses showed less than one per cent of
sulphur dioxide present during the first hour of the smelt. Without a
change in the rate of introduction, a sudden increase in the percentage
then took place and the analyses showed almost 30 per cent sulphur
dioxide for the remainder of the smelt. For R3 the sulphur dioxide
increased from 12 to 35 per cent at the end of 45 minutes, and there-
after increased continuously at a slow rate to the end of the smelt.
The data indicate either a total oxidation of sulphur dioxide to sul-
phur trioxide during the first part of the smelt, or a reaction between
the sulphur gases and the enamel. If the first took place, very little of
the sulphur trioxide escaped because no sulphur gas odor could be
detected. Even in this case, then, the reaction with the enamel con-
sumed all the sulphur present. When this reaction ceased, either be-
cause of equilibrium or because of the condition of the frit, larger
amounts of sulphur dioxide were found in the smelter atmosphere.
When the frits were quenched in water sharp explosions took
place, indicating the presence of sulphate. In fact, when the water
had been poured from the frit, the white particles of the salt were
easily separable from the enamel. To obtain a sample for analysis,
ILLINOIS ENGINEERING EXPERIMENT STATION
TABLE 4
ANALYSIS OF SMELTER ATMOSPHERE CONTAINING A
LARGE PERCENTAGE OF CARBON MONOXIDE
Minutes
After Start COs O0 CO N 2  Remarks
of Smelt
Blue Ground Coat-R29A
7................. 31.2 0.2 25.8 42.8 Brownand whitefumeswhich dissolved
17................. 24.4 0.4 27.2 48.0 readily in salt water of aspirator bottle
27................. 20.8 0.2 24.2 54.8 used for collecting sample.
37................ 13.6 0.1 21.7 64.6
47.................. 8.4 0.0 15.6 76.0 White fumes and carbon particles,
67................. 5.0 0.0 20.8 74.2 fumes dissolved.
77........... ..... 5.0 0.2 20.6 74.2
87................. 4.8 0.2 28.2 66.8
White Cover Coat-R3
1................. 61.2 1.8 1.0 36.01 Brown and white fumes which dissolved
6................. 53.0 0.2 5.8 41.0 readily in salt water.
11................. 32.2 0.2 2.0 65.0
16................. 32.4 0.2 5.0 62.4
21................. 30.8 0.4 6.6 62.2 White fumes which dissolved readily in
26................. 29.0 0.2 6.2 64.6 salt water.
31................ 28.8 0.6 2.4 68.2
41................. 14.4 0.0 3.8 81.81
51................. 10.4 0.6 3.6 85.41 White fumes and carbon particles,
61................. 10.5 0.2 4.8 84.5 fumes dissolved.
81................. 9.3 0.2 6.5 84.0
R29A was smelted in the sulphur atmosphere and allowed to cool
slowly in the furnace. A white scum about 2 mm. in thickness was
deposited on the surface of the enamel. A sample of this scum was
analyzed and showed the following results:
A. ALKALI CALCULATED AS SODIUM
per cent per cent
Na................. 28.11 Na 2SO4. . . . . . . . . . . . ... 86.81
Ca ................. 5.30 CaS04 
. . . . . . . . . . . . .
. 18.03
SO4.... . . . . ...... . 56.15
89.56 104.84
B. ALKALI CALCULATED AS POTASSIUM
per cent per cent
K .................. 37.46 K 2S0 ... . . . . . . . . . . . . . 83.51
Ca .................. 5.30 CaSO4 . . . . . . . . . . . . . . 18.03
S04................ 56.15
98.81 101.54
When burned on iron both enamels showed defects characteristic
of enamels burned in sulphur gas atmospheres. The usual pock
marks and dullness were in evidence, and in addition R29A was cov-
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ered with numerous small blisters. The results of these tests are very
striking in that the enamels show the same defects whether they are
smelted in air and burned in a sulphur dioxide atmosphere, or are
smelted in the sulphur atmosphere and burned in air.
V. SUMMARY OF RESULTS AND GENERAL CONCLUSIONS
13. Summary of Results.-Following is a summary of the results
obtained from the investigation:
(1) In the enamels studied all the sodium carbonate and sodium
nitrate were decomposed during the first 40 minutes of smelting.
(2) When the enamel batch contained sodium nitrate the smelter
atmosphere showed a higher percentage of oxygen during the first 40
minutes than when this constituent was lacking.
(3) Atmospheres containing 96 to 100 per cent of nitrogen and 93
to 100 per cent of carbon dioxide in the smelter were not deleterious
to the enamels.
(4) Reducing atmospheres in the smelter were not deleterious to
the enamels.
(5) When enamels smelted in a high sulphur dioxide atmosphere
were burned in air, pock marks appeared. Blistering also took place
on the ground coat.
14. General Conclusions.-Although the following statements are
conclusive, additional work on other types of enamels will make it
possible to add to these conclusions.
(1) Nitrogen, carbon dioxide, and reducing atmospheres are not
deleterious to enamels for sheet steel such as those used in this work
during the smelting process.
(2) Sulphur dioxide in the smelter atmosphere is very deleterious
to enamels for sheet steel.
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*Bulletin No. 198. Results of Tests on Sewage Treatment, by Harold E. Babbitt
and Harry E. Schlenz. 1929. Fifty-five cents.
*Bulletin No. 199. The Measurement of Air Quantities and Energy Losses in
Mine Entries. Part IV, by Cloyde M. Smith. 1929. Thirty cents.
*A limited number of copies of bulletins starred are available for free distribution.
tCopies of the complete list of publications can be obtained without charge by addressing the
Engineering Experiment Station, Urbana, Ill.
ILLINOIS ENGINEERING EXPERIMENT STATION
*Bulletin No. 200. Investigation of Endurance of Bond Strength of Various Clays
in Molding Sand, by Carl H. Casberg and William H. Spencer. 1929. Fifteen cents.
*Circular No. 19. Equipment for Gas-Liquid Reactions, by Donald B. Keyes.
1929. Ten cents.
*Bulletin No. 201. Acid Resisting Cover Enamels for Sheet Iron, by Andrew I.
Andrews. 1929. Twenty-five cents.
Bulletin No. 202. Laboratory Tests of Reinforced Concrete Arch Ribs, by
Wilbur M. Wilson. 1929. Fifty-five cents.
*Bulletin No. 203. Dependability of the Theory of Concrete Arches, by Hardy
Cross. 1929. Twenty cents.
*Bulletin No. 204. The Hydroxylation of Double Bonds, by Sherlock Swann, Jr.
1930. Ten cents.
Bulletin No. 205. A Study of the Ikeda (Electrical Resistance) Short-Time Test
for Fatigue Strength of Metals, by Herbert F. Moore and Seichi Konzo. 1930.
Twenty cents.
Bulletin No. 206. Studies in the Electrodeposition of Metals, by Donald B.
Keyes and Sherlock Swann, Jr. 1930. Ten cents.
*Bulletin No. 207. The Flow of Air Through Circular Orifices with Rounded
Approach, by Joseph A. Polson, Joseph G. Lowther, and Benjamin J. Wilson. 1930.
Thirty cents.
*Circular No. 20. An Electrical Method for the Determination of the Dew-Point
of Flue Gases, by Henry Fraser Johnstone. 1929. Fifteen cents.
Bulletin No. 208. A Study of Slip Lines, Strain Lines, and Cracks in Metals
Under Repeated Stress, by Herbert F. Moore and Tibor Ver. 1930. Thirty-five
cents.
Bulletin No. 209. Heat Transfer in Ammonia Condensers. Part III, by Alonzo
P. Kratz, Horace J. Macintire, and Richard E. Gould. 1930. Thirty-five cents.
Bulletin No. 210. Tension Tests of Rivets, by Wilbur M. Wilson and William A.
Oliver. 1930. Twenty-five cents.
Bulletin No. 211. The Torsional Effect of Transverse Bending Loads on Channel
Beams, by Fred B. Seely, William J. Putnam, and William L. Schwalbe. 1930. Thirty-
five cents.
Bulletin No. 212. Stresses Due to the Pressure of One Elastic Solid Upon An-
other, by Howard R. Thomas and Victor A. Hoersch. 1930. Thirty cents.
Bulletin No. 213. Combustion Tests with Illinois Coals, by Alonzo P. Kratz
and Wilbur J. Woodruff. 1930. Thirty cents.
*Bulletin No. 214. The Effect of Furnace Gases on the Quality of Enamels for
Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1930. Twenty cents.
*Bulletin No. 215. The Column Analogy, by Hardy Cross. 1930. Forty cents.
Bulletin No. 216. Embrittlement in Boilers, by Frederick G. Straub. 1930.
Sixty-five cents.
Bulletin No. 217. Washability Tests of Illinois Coals, by Alfred C. Callen and
David R. Mitchell. 1930. Sixty cents.
Bulletin No. 218. The Friability of Illinois Coals, by Cloyde M. Smith. 1930.
Fifteen cents.
*Bulletin No. 219. Treatment of Water for Ice Manufacture, by Dana Burks, Jr.
1930. Sixty cents.
*Bulletin No. 220. Tests of a Mikado-Type Locomotive Equipped with Nichol-
son Thermic Syphons, by Edward C. Schmidt, Everett G. Young, and Herman J.
Schrader. 1930. Fifty-five cents.
*Bulletin No. 221. An Investigation of Core Oils, by Carl H. Casberg and Carl E.
Schubert. 1930. Fifteen cents.
*Bulletin No. 222. Flow of Liquids in Pipes of Circular and Annular Cross-
Sections, by Alonzo P. Kratz, Horace J. Macintire, and Richard E. Gould. 1930.
Fifteen cents.
*Bulletin No. 223. Investigation of Various Factors Affecting the Heating of
Rooms with Direct Steam Radiators, by Arthur C. Willard, Alonzo P. Kratz, Maurice
K. Fahnestock, and Seichi Konzo. 1930. Fifty-five cents.
*Bulletin No. 224. The Effect of Smelter Atmospheres on the Quality of Enamels
for Sheet Steel, by Andrew I. Andrews and Emanuel A. Hertzell. 1931. Ten cents.
*A limited number of copies of bulletins starred are available for free distribution
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